ABSTRACT
INTRODUCTION
A wide variety of micromechanical structures (devices typically in the pm range) has been built by using processing techniques developed in the VLSI industry. Various microsensors and actuators have been shown to perform successfully. E.g. a singlechip air-bag sensor is commercially available [l]; video projections using an integrated, monolithic mirror array have been demonstrated recently [16]. More difficult is the fabrication of microrobotic devices that can interact and actively change their environment. Problems arise from (1) unknown material properties and the lack of adequate models for mechanisms at very small scales, (2) the limited range of motion and force that can be generated with microactuators, (3) the lack of sufficient sensor information with regard to manipulation tasks, and (4) design limitations and geometric tolerances inherent in the fabrication process. This paper addresses in particular the first three points. poles on one side of the grid) anisotropic lateral forces are generated, thus achieving a motion bias for the object on top of the actuator. Each actuator can generate motion in one specific direction if it is activated; otherwise it acts as a passive frictional contact. The combination and selective activation of several actuators with different motion bias allows us to generate various motions in the plane. Figure 2 shows such a "motion pixel." Design aspects, fabrication process and mechanism analysis are described in more detail in section 5. 
MACROSCOPIC MODEL FOR MANIPULATION
In this section we develop a geometric theory of manipulation for microactuator arrays. Our ideas are based on the groundbreaking work of Erdmann and Mason [5] in the field of sensorless and near-sensorless manipulation. In this line of work, Peshkin and Sanderson [14] have shown how to align parts on a conveyer belt with stationary fences. Goldbers [7] has given an algorithm to align parts by a sequence of grasps with a parallel-jaw gripper. In the following we show how, under reasonable assumptions, the problem of aligning a part with a microactuator array can be reduced to the alignment task with a parallel-jaw gripper, effectively using the actuator array to simulate a two-finger gripper. Goldberg's algorithm [7] takes the geometry of an arbitrary polygonal part P and determines its squeeze function s : S1 --+ S1, where S1 is the set of planar orientations.' The squeeze function describes the change in orientation of P when it is grasped by a parallel-jaw gripper with negligible friction. It assumes that the jaws make contact with the part simultaneously, and that the part rotates until the distance between the jaws reaches a local minimum (squeeze grasp). The squeeze function can be derived from the diameter function d : S1 -+ E%, which describes the distance between the two horizontal lines tangential to P at a particular orientation. The squeeze function maps all orientations that lie between two adjacent local maxima of the diameter function to the orientation corresponding to the intermediate local minimum (Figures 3a, b, c) . Goldberg then gives an algorithm that, given a specific squeeze function, computes a sequence of grasp orientations to uniquely align P (up to symmetries) from an arbitrary initial orientation ( Figure 3d ). Let us summarize the results: Now we show how to reduce a manipulation task with a microactuator array to an equivalent task with a parallel-jaw gripper. We make the following assumptions: SIMPLICITY: The moving part P can be treated as a simple flat polygon. BILATERAL SYMMETRY: We have the following elementary actuator control scheme available: The array can be divided by a straight line 1 such that all motion pixels on either side of 1 push normally towards 1. DENSITY: The generated forces can be described by a twodimensional vector field. This means that the individual microactuators are dense compared to the size of the moving part. (We will discuss later how to relax this assump-
We can now give a formal definition for an alignment strategy: Note that the system requires a clock that signals when enough time has elapsed for the object to reach its rest position.
An object will move towards the line 1 and come to rest there (see also F'uruhata et al. [SI). We are interested in the motion of an arbitrarily shaped part P. Let us call Pi, P2 the regions of P that lie to the left and to the right of 1, respectively, and C1, C 2 their centers of gravity. In a rest position both translational and rotational forces must be in equilibrium. We get the following two conditions:
The areas PI and P2 must be equal.
I1 : The vector C 2 -C1 must be normal to 1. for an illustration. For simplicity of presentation we make another assumption. This assumption will not hold in general, however it is not essential to the reduction and can be relaxed as described later. It corresponds exactly to the assumption that the parallel-jaw gripper performs pure squeeze grasps in which both jaws make contact with the part simultaneously From the proof we can obtain complexity bounds for microactuator alignment strategie 1: If P is a n-gon, the algorithm runs in time O(n4) and produces a strategy S = (11,. . . , Zk) of
length IC = O(n2). If P is convex the running time is O(n2) and IC = O(n).
Finally let us reconsider two of the assumptions made earlier in this section. Relaxing 2PHASE corresponds to allowing pushsqueeze grasps for the parallel-jaw gripper [7] in which one jaw pushes P before the second jaw makes contact with P. The squeeze function must be replaced by a shift-squeeze function which takes combined translational and rotational motions into account. However neither the (meta-)stable orientations of P nor the complexity of the turn function will change, so the complexity of the generated strategy remains the same. Similar constructions seem possible to find reductions to conveyer belts [14] If we want to relax assumption DENSITY we need to model the mechanics of individual actuators and understand their interaction. Relaxing DENSITY is necessary to manipulate parts that are only slightly larger than the actuators. This is discussed in the following section.
MICROSCOPIC MODEL FOR ACTUATOR CONTACT
In this section we develop a model for the mechanics of microactuators. We make use of limit surfaces [8] that describe anisotropic frictional contact. We extend the model to active contacts and describe fast algorithms to compute the combined effect of many actuators.
Limit Surfaces. Assume we have a part P that moves on top of the actuator array. The limit surface C in load space (forces is 0, C is a limit curve in (4-4) load space. Consider as an example Figure 7a . The anisotropic behavior of a wheel can be modeled with a long rectangular limit curve which gives low bearing friction f b in the rolling direction and high sideways friction fJ.
" I
Active Contacts. We now extend the limit surface model to "active" contacts that apply loads to P.
Definition 8
The active limit surface C in load space is the set of loads that can be applied to P without resulting in motion of P.
This definition includes limit surfaces for passive contacts, but it allows us to model for example a wheel driven by some torque 7,. Figure 7b shows that if no additional load is applied the wheel will move in y direction, accelerated by F, minus the bearing friction f b (where F, is such that 7a = r x F,, and r is the radius of the wheel). In general we get motion if the origin of load space 0 lies outside of C . For the wheel accelerated with torque 7 , = r x F, the limit curve simply shifts in load space by F,. For our actuators we expect the shape of active and passive limit surface to be different because of interactions between friction and oscillation. However, because the limit surface will represent the time average over frictional contacts, we believe that the theory of limit surfaces is a valid model. Combining Limit Surfaces. We have already noted one advantage of limit surfaces: they offer a uniform, purely geometric representation of contact properties. In addition, multiple contacts can be described by a single joint limit surface. Goyal and Ruina [8] have shown that this joint limit surface is the convolution (Minkowski sum) of the individual limit surfaces.
There exist fast algorithms from computational geometry [9] to compute this convolution. They are described in more detail in our technical report [3]. Thus limit surfaces offer a technique to efficiently determine and represent the behavior of an entire actuator array.
For illustration, Figure 8 shows a rigid bar with two point contacts and Coulomb friction, and their corresponding limit surfaces. The individual surfaces are flat because they can generate no moment about the contact point, but tilted because they can generate moments about the center of mass. The tilt angle 0 can be determined by tan0 = # = = Irl, so for IT/ = 1 we get 0 = 45'. Figure 9 shows the combined limit surface. Motion Prediction. For simplicity let us first consider the "upside-down" case where the actuator array "walks" on a homogeneous flat surface. The contacts and thus the limit surface ,C are fixed with respect to a coordinate system attached to the actuator array. If the origin of load space U is inside L there will be no motion. Otherwise the generated force F is the point on L closest to U. At that point the surface normal is parallel to F , so velocity and accelerating force are parallel. The walker will move on a straight line or a circle. This is not unexpected for a fixed actuator strategy on a homogeneous surface. Now consider the case where the object is on top of the actuator array. There are two major differences to the previous case: When the object moves (1) some actuators loose contact, others make contact, (2) the induced moment changes.
(1) requires periodic updates of the limit surface. (2) results in stretching of the limit surface along the moment axis. Our corresponding technical report [3] gives details on how to handle these cases efficiently. There, we outline a simple yet efficient motion prediction algorithm: Numerically integrate the velocities computed as described above, and update the limit surface C accordingly. Each integration step can be done in constant time. Each update of L is linear in the compIexity of c.
Motion Planning. The shape of the limit surface is determined by the activation pattern of the actuator array, which depends on each individual actuator. The limit surface gives us a geometric representation of the forces and velocities generated with a specific actuator activation pattern. Though theoretically possible, there are practical limitations on using limit ces to plan microscopic manipulation strategies due to the combinatorial complexity and mechanical uncertainty. Howthe microscopic model will prove important to analyze M 2 F, Figure 9 : Combined limit surface for the object in Figure 8. behavior of manipulation strategies, and individual microfabricated mechanisms (Section 5).
resonator and trench, z1 tional axis, 5 2 the width the height of the poles, an poles. In case it is active and the poles are moving upward we assume that the poles ing the downward mot horizontal position (e. it) but moves straight stepwise sideways motion with each oscillation of the actuator. We want to optimize this motion. oration. Single beams are up to 5 p m high, with x 3 pm clearance underneath. This clearance allows the out-of-plane motion of the resonator grid. For cleaning and improvement of levitation it is conceivable to combine the resonator with air nozzles as described in Section 2 [15] . The fabrication can be done in one to two weeks in the National Nanofabrication Facility (NNF) at Cornell University.
Efficiency. We have analyzed a resonator of size 50 x 50 pm2 with clearance h = 3 pm using the finite element simulator COULOMB [lo] . Similar actuators are shown in Figures 1 and 2 .
The vertical force generated is 2.8.10-7N when a voltage of 50V is applied. Assuming that the entire device uses a total area of 100 x 100 pm2 we get 2.8.10-115. This is almost two orders of magnitude higher than the specific weight of paper 8 0 3 8.10-134. This indicates that our devices are strong enough to do practical manipulation tasks. Downscaling of the devices will further improve this ratio, because the force decreases linearly with the scaling, while the actuator density grows quadratically with decreasing scale.
Results. A wide variety of resonators has been built and tested in the NNF at Cornell University (see Figure 2) , yielding information on the optimal design of actuators and material properties such as stiffness, structural sturdiness, and internal stresses. In experiments with single actuators we observed motion of powder particles. A prototype of actuator arrays is currently being built.
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CONCLUSIONS AND FUTURE WORK
We have outlined a theory of manipulation and control for microfabricated actuator arrays that applies concepts from robotics to the field of MEMS. We believe that joint efforts in these fields are important for future MEMS of high complexity, and will prove fruitful for both areas. The next steps of laboratory work will include the fabrication of a prototype array with a large number of microactuators, the experimental characterization of the limit surface of a microactuator, and experiments on micromanipulation to evaluate and validate our model. The ideas presented here extend work in our group on parallel, distributed robotics [4] to massively parallel systems with similar, relatively simple individual components (DMMS [17] ). Future work will include exploration of the limitations of macroscopic manipulation strategies due to the quantized forces generated by motion pixels, and the determination of quantitative error estimates. Other goals are the development and analysis of additional macroscopic strategies ("actuator macros"), and a more detailed design and implementation of motion prediction algorithms. The low-temperature SCREAM process is compatible with conventional VLSI fabrication, which allows mechanisms and logic on one chip. This combination would make complex control strategies possible. Finally we also hope to address the case where the actuator array "walks" on a flat surface. This could conceivably lead to walking or selfassembling chips.
